We have identified a yeast protein that resembles actins from other eucaryotes in its tight binding to pancreatic deoxyribonuclease I, its copolymerization with purified muscle actin, its one-dimensional peptide map, and its apparent polymerization into 7-nm filaments. The yeast actin-like protein yielded a single spot on two-dimensional polyacrylamide gel electrophoresis, suggesting that a single protein species was present. On sodium dodecyl sulfate-polyacrylamide gel electrophoresis, the actin-like protein had an apparent molecular weight of 45,000 compared with 42,000 for muscle actin. In an attempt to identify the messenger ribonucleic acid coding for the actin-like protein, yeast polyadenylic acid-rich ribonucleic acid was translated in wheat germ and reticulocyte cell-free proteinsynthesizing systems. The actin-like protein was identified among the translation products of the reticulocyte system by its tight binding to deoxyribonuclease I, its comigration with the in vivo-synthesized actin-like protein during sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and the similarity of its peptide map to that of the in vivo-synthesized protein. A yeast protein synthesized in the wheat-germ system was also found to bind to deoxyribonuclease I and to copolymerize with muscle actin. However, its apparent molecular weight was about 35,000, suggesting that it was a product either of incomplete translation or of proteolytic cleavage of the actin-like protein.
The yeast Saccharomyces cerevisiae is a promising organism for studying the regulation of eucaryotic gene expression because of its tractability for mutant isolation and genetic manipulation (15, 16, 27) , attributes of procaryotes that have been instrumental in the major advances in the investigation of gene function. In addition, yeast has unique advantages for studies of the mitotic cell division cycle. S. cerevisiae cells reproduce by a budding process in which the daughter cell can be recognized early in the cell cycle as a small bud on the parent cell; the bud then grows in size throughout the cell cycle. This morphological indicator of cell cycle progress, coupled with the ability to select recessive mutations that impair cell cycle functions in haploids and to analyze them by complementation tests in diploids (which undergo the same cell-cycle sequence), has allowed the isolation and characterization of several hundred temperature-sensitive mutants, defining some 50 genes, with specific cell cycle defects (13-15; L. Hartwell and J. Pringle, manuscript in preparation).
For these reasons, we have chosen yeast as a model for studying the regulation of the synthesis of actin, a major cell division-associated protein. Actin occurs in most, if not all, eucaryotic cells, where it apparently carries out a variety of functions related to cell architecture and movement (30) . In specific regard to the cell cycle, actin microfilaments appear to be involved in cytokinesis in at least some organisms (34) and may also be involved in mitotic-spindle function (26, 33) . Microfilaments have been observed in yeast with the electron microscope. These microfilaments form a ring in the cytoplasm at the neck of the growing bud (6) (35) . Rat brain actin was prepared by the method of Lazarides and Lindberg (22) . Kodak X-Omat film was used for all autoradiography. Glass beads (0.5 mm) were purchased from Thomas and were acid washed before use. The wheat germ was a gift from the Mennel Milling Co. (Fostoria, Ohio).
Organism and growth conditions. The prototrophic diploid yeast strain C276 (41) (31) , and resuspended in twice their weight of the same buffer. The cells were then broken by shaking by hand for 15 min with twice their weight of 0.5-mm glass beads. Cell breakage exceeded 90%. The broken cells were pipetted away from the glass beads and centrifuged at 100,000 x g for 60 min at 40C. DNase I affinity chromatography was carried out by the procedure of Lazarides and Lindberg (22) with DNase I coupled to cyanogen bromide-activated Sepharose. The 100,000 x g supernatant (containing 5 to 200 mg of protein) was passed through a column of DNase I-Sepharose in a 10-ml disposable syringe at 4°C. The column was then washed successively with 20-ml portions of each of the following buffers: buffer A (50 mM Tris-hydrochloride-1 mM CaCl2 [pH 7.4] to which PMSF had been added to 1 mM as described above); buffer B (500 mM sodium acetate-i mM CaCl2 [pH 7.4] containing 300 ml of glycerol per liter); and buffer B containing 750 mM guanidine-hydrochloride (final pH 6.5). The DNase I-binding protein was then eluted with buffer B containing 3 M guanidine-hydrochloride (final pH 6.5), dialyzed against distilled water for 24 h, and lyophilized. Yeast DNase I-binding protein labeled with 3S was obtained by the same procedure from yeast proteins labeled as described above. In vitro-synthesized yeast DNase I-binding protein was isolated from the supernatant of a 500-p1 wheatgerm cell-free protein-synthesis reaction mixture or a reticulocyte cell-free protein synthesis reaction mixture (see below) that had been centrifuged at 100,000 x g for 60 min. This supernatant was dialyzed against 50 mM Tris-hydrochloride-1 mM CaCl2-1 mM ATP (pH 7.4) for 3 h at 40C before DNase I affinity chromatography (as described above).
When the DNase I-binding protein was prepared for renaturation, yeast cells were broken in 10 5 ,000 x g for 5 min at 4°C. The cells (60 g) were washed twice with cold distilled water and resuspended in twice their weight of 100 mM Tris-hydrochloride-100 mM NaCl-1 mM EDTA, pH 9 .0. The cells were then broken by shaking by hand with twice their weight of acid-washed glass beads. The cell lysate was pipetted away from the glass beads and diluted with 8 times its volume of the above buffer and was then centrifuged at 12,000 x g for 10 min at 40C. The supernatant was made 1% in SDS, and the RNA was isolated by phenol-chloroform-isoamyl alcohol extraction (3). The polyadenylic acid [poly(A)]-rich RNA was purified from this total RNA preparation by oligodeoxythymidylic acid-cellulose chromatography involving one-step elution with 10 mM Tris-hydrochloride, pH 7.5 (3) .
Cell-free translation. Wheat germ extracts were prepared as described by Roberts and Paterson (32 (21), as modified by LeSturgeon and Rusch (23) . The samples were dissolved in electrophoresis sample buffer (10 mM sodium phosphate-140 mM ,B-mercaptoethanol-1% SDS-250 mM sucrose, pH 7.4). The gel system consisted of slabs 1.5 mm thick and 30 cm long containing a 1.5-cm stacking gel of 3% acrylamide and 0.08% bisacrylamide and a separating gel of 9% acrylamide and 0.24% bisacrylamide. Electrophoresis was carried out at 130 V for 20 h. Slabs were stained with Coomassie brilliant blue, destained, treated for fluorography by the method of Bonner and Laskey (5), and dried and exposed to X-ray film for 24 to 72 h at -70°C. Two-dimensional gel electrophoresis was carried out by the procedure of O'Farrell (28) .
RESULTS
Identification of an actin-like protein from yeast. Since actins from various sources characteristically bind tightly to pancreatic DNase I (11, 22) , we asked whether an actin-like protein could be purified from yeast by DNase I affinity chromatography. The elution profile observed when a total soluble protein extract from 35S-labeled yeast was passed over the affinity column is shown in Fig. 1 . Similar elution profiles were observed when larger-scale preparations were carried out with unlabeled yeast extracts and the column effluents were monitored by absorbance measurements at 280 nm. The material eluting from the column in 3 M guanidine-hydrochloride, which contained approximately 1% of the trichloroacetic acid-precipitable radioactivity present in the soluble- protein extract of35S-labeled yeast, was analyzed both by one-dimensional SDS-polyacrylamide gel electrophoresis (23) and by two-dimensional gel electrophoresis (28) . In each case, one major polypeptide species was detected (Fig. 2b, 4b , 6e, and 7c; Fig. 3 ). The mobility of this yeast polypeptide during SDS-gel electrophoresis was slightly lower than that of rabbit muscle actin (Fig. 2d) ; apparent molecular weights of 45,000 for the yeast protein and 42,000 for muscle actin were estimated by comparing the mobilities of these proteins to those of bovine serum albumin (68,000), ovalbumin (43,000), and chymotrypsinogen (25,700) (40 grated with a major band at molecular weight 45,000 that consists primarily of the glycolytic enzyme enolase (18) . To demonstrate that the small difference in electrophoretic mobility between the yeast protein and muscle actin was not an artifact resulting from running separate samples, muscle actin was mixed with radioactive yeast DNase I-binding protein before electrophoresis. Under such conditions of coelectrophoresis, the labeled yeast actin (detected by autoradiography) still migrated more slowly than the stained muscle actin.
In addition to DNase I binding and molecular weight, another test of the similarity of the yeast protein to other actins involved the polymerization of rabbit muscle G actin into F actin (filamentous actin) in the presence of 35S-labeled yeast soluble proteins. As shown in Fig. 2c , a protein with the same electrophoretic mobility as the yeast DNase I-binding protein selectively coprecipitated with muscle actin under these conditions.
Another criterion employed for characterizing the yeast protein as actin-like was one-dimensional peptide mapping. As seen in Fig. 4 , limited proteolysis of rabbit muscle actin, rat brain actin, and the yeast DNase I-binding protein yielded peptide maps that are not identical, but closely resemble each other.
To further characterize the yeast protein as actin-like, we also attempted to renature the DNase I-binding protein and determine whether it would polymerize into filaments. Although most of the material precipitated as large denatured aggregates, some 7-nm filaments typical of actin could be detected (Fig. 5) . An optimal mRNA concentration of 50 ,ug/ml usually resulted in a stimulation of protein synthesis of 40-to 60-fold over background.
Separation of in vitro translation products by SDS-polyacrylamide gel electrophoresis revealed a broad distribution of polypeptides that correlated well with the distribution of in vivosynthesized polypeptides (Fig. 6a and b) . Since binding to DNase I seems to be a specific assay for actin, we passed the products of in vitro translation through a DNase I-affinity column. Figure 6c shows that one major polypeptide was purified by the chromatographic procedure; this polypeptide contained about 1% of the total trichloroacetic acid-precipitable radioactivity from the in vitro protein synthesis reaction mixture. However, the apparent molecular weight of this polypeptide was only about 35,000, or about 10,000 less than that of the yeast actinlike protein synthesized in vivo (Fig. 6e) and about the same as that of the major glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase (18) .
As a second test of the similarity between the in vitro-synthesized DNase I-binding protein and the in vivo-synthesized actin-like protein, we carried out the polymerization of rabbit muscle G actin into F actin in the presence of 35S-labeled in vitro translation products. As shown in Fig. 6d (Fig. 8) . The differences in relative intensity that can be seen in some of the bands probably resulted from the differences in the labeling conditions for the two proteins. affinity chromatography (Fig. 6c) .
If the DNase I-binding proteins synthesized in vivo and in vitro are the same, then the difference in apparent molecular weights presumably resulted either from incomplete synthesis or from enzymatic cleavage of the in vitro-synthesized protein. As a test of these possibilities, yeast inRNA from the same preparation was translated in a nuclease-treated reticulocyte lysate, known to be an efficient translation system. As shown in Fig. 7 , when translation products from this system were subjected to DNase I affinity chromatography, two proteins bound tightly to the column and were eluted with 3.M guanidine-hydrochloride. A majority of the pro- These results confirm and extend observations made previously by J. Roth (personal communication). In addition, C. Greer and R. Schekman (personal communication) have used inhibition of DNase I as an assay to purify a protein from yeast that resembles actins from other sources both in its mobility in SDS-polyacrylamide gels and in its ability to stimulate heavymeromyosin ATPase activity. A preliminary report of similar work by Koteliansky et al. (20) also demonstrated polymerization of the yeast protein into 7-nm filaments. We have found that the yeast actin-like protein that bound to the DNase I affinity column and eluted with 3 M guanidine-hydrochloride represented about 1% of the total yeast soluble protein. If all of the yeast actin were recovered, then yeast has significantly less actin than the 5 to 10% that actin represents of the soluble protein of most nonmuscle cells (7) . As yet, there is no direct evidence that the 10-nm microfilaments observed around the neck of the growing yeast bud are in fact composed of the actin-like protein that we and others have identified. The ability of the yeast actin-like protein to polymerize into 7-nm filaments in vitro, and the observation by Allen and Sussman (2) of heavy-meromyosin decoration of 7-nm microfilaments found in extracts of the related fungus Neurospora crassa, cast some doubt on the possibility that the 10-nm yeast filaments consist of actin.
When fractionated by SDS-polyacrylamide gel electrophoresis on long Laemmli gels (30 cm), the apparent molecular weight of the yeast actin-like protein was 45,000, as compared with 42,000 for rabbit muscle actin. The difference in mobility between the yeast and muscle proteins may reflect a true size difference or may be the result of factors unrelated to molecular weight.
For example, we have found that on these long gels, a and 18 tubulins from rat brain migrate with apparent molecular weights of 58,000 and 52,000, respectively, even though these polypeptides have been reported to have the same molecular weight (55,000) (25) . Anomalies in molecular-weight determinations by SDS-gel electrophoresis have been reported to occur with a number of different proteins due to such factors as bound carbohydrate or unusual primary structure (9, 38) .
When the yeast DNase I-binding protein was subjected to two-dimensional polyacrylamide gel electrophoresis, it yielded one major spot and no visible contaminants along the isoelectric axis, suggesting that yeast may contain only one actin species. Multiple species of actin that differ in isoelectric point and are coded for by different mRNA's have been reported to occur in most other eucaryotic cell types examined (19, 36 The translation in vitro of actin mRNA has been accomplished with RNA from several cell types (12, 19, 36) . In each case, the product synthesized in vitro has been the same size as the actin synthesized in vivo. When yeast poly(A)-containing mRNA is translated in a wheat germ extract, the polypeptides synthesized generally correspond in molecular weight to in vivo-synthesized yeast proteins (10, 17; Fig.  6a and b) . However, we observed the synthesis in an in vitro wheat germ system of an apparently actin-like polypeptide from yeast that is an incomplete chain with molecular weight about 10,000 less than that of the protein synthesized in vivo, but that still retains the ability to coprecipitate with muscle actin and to bind specifically to DNase I. When translation was carried out in a nuclease-treated reticulocyte lysate instead of the wheat germ system, a complete in vitro-synthesized DNase I-binding polypeptide was synthesized that had a peptide map similar to that of the in vivo-synthesized yeast actin-like protein. This suggests that the 35,000-molecular-weight protein made in the wheat germ system was either an incomplete chain or the result of proteolytic cleavage. Partial translation of mRNA's in the wheat germ cell-free system has been reported by several laboratories. For example, albumin mRNA from rat liver makes only short translation products at the potassium and magnesium concentrations required to maximize amino acid incorporation into protein, but complete products are synthesized at elevated potassium and magnesium levels (37) . Collagen mRNA also requires potassium levels in excess of that required to maximize amino acid incorporation to make long polypeptides (4) . In the translation of the yeast mRNA, we have found that altering potassium and magnesium levels did not affect the size of the in vitro-synthesized actin-like polypeptide. A proteolytic artifact could also have resulted in the purification of a 35,000-molecular-weight DNase I-binding protein from the wheat germ translation system. In preparations of both in vivo-synthesized yeast DNase I-binding protein and in vitro-synthesized protein from the reticulocyte lysate, small amounts of a 35,000-molecular-weight protein can be detected (Fig. 2c and  7c ). If this material is actin related and not simply traces of the major protein glyceraldehyde-3-phosphate dehydrogenase (18) , it may be that yeast actin has a protease-sensitive site that results in cleavage to a polypeptide of molecular weight 35,000.
The availability of assays for the actin-like protein of yeast and for its mRNA, combined with the extensive genetic information available in this organism, makes it an attractive model for investigating the regulation of actin gene expression.
